Atomic structures and energies of symmetrical ͗001͘ tilt grain boundaries ͑GB's͒ in diamond have been calculated over a wide range of misorientation angle using a many-body analytic potential, and for some selected short-period grain boundaries with tight-binding and first-principles density-functional methods. The grain boundary energies from the tight-binding and first-principles methods are about 75% of those calculated with the analytic bond-order potential. The energy rankings of the GB's calculated with the empirical potential, however, are similar to that calculated from the tight-binding and the density functional approaches. Atomiclevel energy and stress distributions calculated with the bond-order potential reveal relations between local interface reconstruction and the extent and value of hydrostatic and shear stresses. From the calculated local volume strain and hydrostatic stress fields, the atomic bulk moduli are evaluated, and zones of different elastic behavior in the vicinity of the interface are defined. ͓S0163-1829͑99͒08733-0͔
I. INTRODUCTION
The extreme properties of diamond, which include the highest known hardness, thermal conductivity five times that of copper, negative electron affinity, high electron and hole mobility, and relatively high melting point make it an ideal candidate for a wide range of applications.
1-3 These include wear and chemical resistant coatings for machine parts, heat spreaders and wide bandgap semiconductors for electronic device applications, and high-current electron emitters for flat-panel displays. While advances in the vapor deposition of diamond films have begun to make some of these applications possible, the tendency for diamond to deposit as a polycrystalline film with a high density of grain boundaries and related defects degrade many of its desirable properties. Defects in coatings, for example, can compromise both the mechanical and chemical integrity of the film, as well as significantly reduce thermal conductivity due to phonon scattering.
In the initial stages of the deposition of diamond films, three-dimensional nuclei grow such that complex grain boundary structures are generated as they coalesce. Diamond films tend to be oriented with ͗011͘ or ͗001͘ textures depending on conditions such as the gas composition and substrate temperature. 4 Therefore, the properties of tilt GB's in diamond with ͗011͘ and ͗001͘ misorientation axes are of primary interest both theoretically and experimentally.
Most previous studies of grain boundaries in group-IV materials have focused on Si and Ge. 5 Specially prepared symmetrical ͗001͘ ͑Refs. 6-8͒ and ͗011͘ ͑Refs. 9-15͒ coincidence site lattice tilt GB's in Si and Ge, for example, have been experimentally characterized with high-resolution transmission electron microscopy ͑HRTEM͒. From these studies it was concluded that high-angle tilt GB's in these materials can exhibit complex multiple structures. Unique images of grain boundary core structures in Si, which revealed previously unknown structures, were obtained with the recently developed Z-contrast electron microscopy technique. 16 Atomic structures and energies of symmetrical tilt GB's in Si and Ge have been characterized theoretically using first-principles density functional theory ͑DFT͒ calculations, [17] [18] [19] [20] semiempirical tight-binding methods [21] [22] [23] [24] [26] [27] [28] [29] and analytic potentials. 8, [28] [29] [30] [31] Comparison of GB energies at selected misorientation angles calculated with these three approaches have shown that while absolute energy values can be significantly different, relative GB energy differences between structures are generally similar among the three methods. For example, the relative energy ranking for short-period GB's (⌺ϭ3, ⌺ϭ5, and ⌺ϭ9) in Si calculated with an analytic potential are consistent with those found in DFT calculations within the local density approximation ͑LDA͒, although the reported LDA energies are about 50% of those predicted by the analytic potential. 8, [28] [29] [30] [31] This discrepancy is likely due to the relaxation of electronic degrees of freedom, which are not accounted for in the analytic potential. However, a series of GB models at a single misorientation angle may have an energy ordering that is very sensitive to the calculational method ͑e.g., first principles versus analytic potential calculations͒. In a recent paper by Morris et al., 25 for example, it has been shown that the energy ordering from first-principles and tight binding calculations for eight models of the ⌺ϭ13(150) GB differ from predictions of the Tersoff analytic potential. Moreover, calculations by Morris et al. predict that several complex GB structures in Si and Ge containing a mix of different types of structural units within the GB cores are lower in energy than more simple structures, in agreement with experimental observations. differences in physical and chemical properties between the two materials that may yield different structural and energetic properties. Carbon, for example, has much stronger bonding than silicon, which tends to stabilize structures with threefold ͑and perhaps even twofold͒ coordination in carbon relative to silicon. This has led to suggestions that a twophase diamond-graphite GB can be energetically competitive with fully fourfold coordinated GB's. 32 In addition, diamond also has a much larger bulk modulus than silicon, making it less apt to adopt highly strained structures.
Detailed characterization of GB's in vapor deposited diamond films with ͗011͘ ͑Refs. 14 and 33͒ and ͗001͘ ͑Ref. 34͒ orientations has been carried out using HRTEM. For films with ͗011͘ texture, the most commonly observed defects are primary ⌺ϭ3 twins which can interact and form higher order twins such as ⌺ϭ9, ⌺ϭ27, etc., twins. Thick diamond films with an ͗001͘ orientation generally exhibit symmetric and asymmetric small-angle GB's with a distinctive dislocation structure at the interface. Incomplete ͗001͘ tilt GB's ending with a partial single disclination have also observed. 34 Theoretically, structures and energies of selected twist GB's in diamond have been studied with tight-binding ͑TB͒ techniques, 35 including structures containing sp2-bonded carbon. Tilt GB's with ͗011͘ misorientation axis have been calculated using Keating and Tersoff analytic potentials 14, 36 as well as with a TB model. 36 The TB calculations yield GB energies about 50-70 % of those predicted by the Tersoff potential, consistent with similar studies of GB's in Si. Although the energy orderings from the TB calculations were consistent with the Tersoff potential for the misorientation range Ͻ70.53°for ͗011͘ symmetrical tilt GB's, the TB and Tersoff potential yield different energy orderings for a variety of models for ⌺ϭ3(211) and ⌺ ϭ11(311) high-angle GB's. 36 In contrast, as will be reported in a subsequent paper, the analytic bond-order potential 37 used in our studies produces results in GB energy orderings consistent with the TB calculations. 36 Recently, Morris et al. 25 studied different structural models of the ⌺ ϭ13(510) symmetric ͗001͘ tilt boundary by TB calculations. For two GB models with close energies, namely, IH and Z 2.0 , TB calculations 25 and a bond-order potential 37 predict different relative stabilities, although the energy difference between the models is very small ͑about 0.08 J/m 2 ͒ in both calculations.
In this paper, structures and energies of symmetric tilt GB's in diamond with an ͗001͘ tilt axis are reported over a wide range of misorientation angle using an analytic manybody bond-order potential. 37 The ability of the potential to describe highly distorted structures and radicals as well as elastic properties of diamond makes it suitable for modeling GB's. An analytic potential also allows straightforward estimates of atomic-level stress distributions in the vicinity of GB interfaces. In addition, structures and energies from a tight-binding model developed by Xu et al. 38 and firstprinciples DFT calculations are also reported for several short-period ͗001͘ tilt GB's. The latter results are used to evaluate the validity of the analytic bond-order potential.
II. STRUCTURE OF COINCIDENCE SYMMETRICAL

Š001‹ TILT GB's
A coincidence symmetrical ͗001͘ tilt GB can be described as a GB with median ͑110͒ plane and a rotation angle .
GB's within the angular range of 0°рр90°were constructed. The computational cell in the GB plane was periodic in two dimensions with a translation vector Tϭk 1 a 1 ϩk 2 a 2 , where k 1 and k 2 are integers, 39 a 1 ϭ1/2a 0 ͓110͔, a 1 ϭ1/2a 0 ͓110͔, and a 0 is the bulk lattice constant. For coincidence symmetrical ͗001͘ tilt GB's in Si and Ge, structural models without dangling bonds have been constructed. 40 These models describe GB's in terms of structural units ͑SU's͒ consisting of either the perfect crystal structure or dislocation cores with associated Burgers vectors ͑Fig. 1͒. For ͗001͘ tilt GB's in diamond, it is possible to construct stable structures without dangling bonds using similar arrangements of structural units as in Si and Ge.
The ͗001͘ symmetrical tilt GB's in the entire range of misorientation can be constructed from three characteristic structural units 29 ͑Fig. 1͒: type A, the core of a pure edge dislocation; type B, the core of a 45°mixed dislocation; and a unit of perfect crystal F ͑a square with However, these models have much higher energies than S type structures. Experimentally, the S type structure of the ⌺ϭ13(230)( ϭ22.6°) GB has been observed in Si and Ge. 8 Grain boundaries in the 53.13°рр90°misorientation range have an interface Burgers vector equal to a 0 ͓010͔ that can be decomposed into two A units (bϭ cation core orientation in a GB is less deviated from the single dislocation orientation in the crystal. For GB's in the misorientation range of 53.13°рр90°, experimental observations have shown more complex configurations of the core structures than the S or Z model. For ⌺ϭ13, 25, and 41 GB's, the zones of complex mixing of A and B units separated by zones of FЈ units have been observed. 6, 8, 16 In addition, the zones of mixing may have multiple structures, 8, 29 most of which analytic potentials predict have energies that are higher than simple S and Z models. A possible explanation of this phenomenon is the contribution of the entropy originating from the mixed structures that decreases their free energy. Alternately, the energies of the mixed structures may be lower than the simple S and Z models as predicted by the first-principles calculations of Morris et al. discussed above.
III. CALCULATIONAL METHODS
Structures and energies of GB's at 12 misorientation angles were calculated using a many-body empirical potential energy function. 37 This function, which is based on the second moment approximation to a local density of states, consists of pair potentials that model interatomic core-core repulsions and bonding from valence electrons. The latter are multiplied by a many-body analytic bond-order function that depends on local coordination, bond angles, radical structures, conjugation, and dihedral rotation. The pair potentials and bond-order function have been fit to an extensive solidstate data base, and reproduce reasonably well the properties of bulk diamond as well as energies of point defects and surface reconstructions.
Energies of a subset of four GB's ⌺ϭ5(120), ⌺ ϭ17(350), and ⌺ϭ5(130) with straight and zigzag arrangements of dislocations cores, were also calculated using density functional theory within the local density approximation ͑DFT-LDA͒ and an empirical tight-bonding model. In the density functional calculations, the Kohn-Sham equations were solved within a plane-wave-pseudopotential representation with a conjugate-gradient algorithm. 41 Soft-core pseudopotentials 42 in separable form were used in conjunction with efficient Brilloun zone sampling. 43 A plane-wave energy cutoff of 60 Ryd was used. With the chosen pseudopotential, the equilibrium lattice constant for carbon in the diamond structure is 1% smaller than the experimental value. To compare the first-principles results with experiment and empirical potential calculations, the experimental lattice constant was used throughout the calculations presented in this paper. Changing the lattice constant does not significantly affect the GB energies ͑differences less than 10 mJ/m 2 ͒, because energy differences between the ideal and defected structures are considered. However, elastic properties are more sensitive to the lattice constant. For example, the elastic constants are changed by about 4% if the experimental lattice parameter is used in the calculations. The tightbinding energy calculations were carried out using the model developed by Xu et al. 38 These calculations used the ⌫ point in k space and the optimized GB structures obtained from the first-principles and the bond-order potential calculations.
Elastic properties of bulk diamond calculated from the different approaches are given in Table I . The shear modulus is calculated as Gϭ(c 11 Ϫc 12 ϩc 44 )/3. The shear modulus calculated with the bond-order potential by a straightforward application of shear strain in the ͑111͒ plane along the ͗110͘ direction is 5.1 GPa. The DFT-LDA method and bond-order potential reproduce experimental elastic properties of diamond reasonably well. Energies of twin and stacking fault structures obtained from the DFT calculations are very close to experimental data ͑Table I͒. However, elastic constants calculated from the TB model are underestimated; this can yield a decrease in the long-range elastic energy contribution to the total GB energy.
In the calculations with the empirical bond-order potential, GB's consisted of 2-4 periodic unit cells in the interfacial plane, and the crystals on either side of the interface were extended by about 6a 0 ͑and 10a 0 for low angle GB's͒ along the direction perpendicular to the GB plane. Computational cells containing atoms ranging between 300 and 3500 were chosen to accommodate extended stress fields in the vicinity of the low-angle GB's and to minimize the influence on the GB energies due to system size change in the direction perpendicular to the GB plane. In addition, free surface conditions were applied in the direction perpendicular to the interface with hydrogen termination to saturate dangling bonds on the free surfaces. The models used for the DFT-LDA and TB calculations were short-period GB's with periodic boundaries in all three directions. The computational cell contained two boundary planes with inversion symmetry with respect to one another. The distance between the two boundary planes was about 3.5-6a 0 for different GB's. From the analysis of stress distributions with the bond-order potential, the sizes of the computational cells for different GB's were chosen so that two GB's in the computational cell did not interact with one another. The maximum number of atoms in the computational cell was 544 for the TB calculations ͑double periodicity along ͗001͘ direction was used to match the cut-off distance of the TB interaction͒ and 272 for the DFT-LDA calculations. For accurate GB energy calculations, the number of atoms in the reference structures were chosen close to those in the computational cells used for the corresponding GB's. The GB's were also characterized by atomic level stress 47 distributions using the analytic potential. The form of the stress tensor for the bond-order potential was derived by taking derivatives of the total energy of the system with respect to the coordinates associated with each atom, and then regrouping the terms according to Newton's third law. The stress contributions attributed to individual atoms consist of ''moments of the forces'' between a central atom and its neighbors, as have been defined for other types of analytic potentials. 47 In our case, however, the expression for the local stress tensor does not have a simple analytical form as, for example, in the embedded atom method. 47 Local atomic volumes, necessary for stress calculations, were obtained using a Monte Carlo procedure to within an accuracy of 0.1%.
Invariant stress characteristics for GB's were also calculated. The local hydrostatic stress h (i) describes the local density fluctuation and is connected with the local volume strain ␦ i through the local bulk modulus B i , where B i ϭ h (i)/␦ i . Along with analysis of the shear components of the atomic stress tensor, the von Mises' shear stress 48 i , was calculated. This can be interpreted as the mean square of shear stress averaged over all orientations in the solid. 49 Maps of invariant characteristics, the local volume strain (␦ i ), stresses ͓ h (i) and i ͔ and bulk modulus (B i ), were plotted and analyzed by their magnitudes and distributions in the vicinity of different GB's.
IV. GB PROPERTIES IN THE RANGE 0°рр53.13°I
n this misorientation range of GB's two structural models were evaluated, type S and type Z with all fourfold coordinated atoms. For all of the GB's modeled, the type S structure was the most stable except for the ⌺ϭ5(130) GB, for which the zigzag ͑Z͒ arrangement of SU's was the most stable ͑Table II͒. These results agree with GB calculations in Si ͑Refs. 24 and 27͒ and with experimental studies in Ge ͑Refs. 7 and 8͒ and Si. 7 However, the rigid body translations along the ͗001͘ axis in diamond ͑Table II͒ are smaller than in Si. 29 Calculated energies of symmetrical ͗001͘ tilt grain boundaries versus tilt angle in diamond are plotted in Fig. 2 . The energy versus curve possesses deep cusps for ⌺ϭ5(120) and 5͑130͒ GB's. The energy of the high-⌺ GB (⌺ϭ149) is higher than energies of the two nearest lower-⌺ GB's. The general trend of GB energies versus misorientation in diamond is similar to that in silicon, although the energies of GB's in diamond are higher ͑Fig. 2͒ and have a greater difference between different structures.
Energies calculated at selected angles with the tightbinding and first-principles approaches are qualitatively consistent with the bond-order potential results ͑Table III and Fig. 2͒ . The first-principles DFT-LDA calculations give GB energies about 25-30 % lower than those calculated with the bond-order potential. In general, the difference in GB energies calculated with the analytic potential and the DFT-LDA approach in diamond is lower than that found in Si. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Tight-binding calculations of GB energies were also carried out for the optimized structures obtained from the bond order potential and the first-principals DFT-LDA. These energies are given in Table III . Tight-binding calculations of energies for GB structures relaxed with the DFT-LDA approach are lower than those relaxed with the bond-order potential. Energies calculated with the TB model are only slightly higher than those calculated with the DFT-LDA for short-period GB's, and are about 10% higher for the ⌺ϭ17(350) GB.
The bond-length and bond-angle deviations from those in the ideal diamond structure are given in Table IV for different GB's. The maximum distortions occur in the low-angle GB's. As can be seen from the data in Table IV, the ⌺ϭ5(130)Z type GB in comparison with the S type is connected with less bond bending, although the change in bond length is the same. Comparison of local distortions at the interfaces for the structures resulting from the DFT-LDA and bond-order potential show that differences in distorted bond lengths and angles for GB structures obtained from both approaches is no more than 3%, indicating that the bond-order potential predicts a similar structural distortion as the DFT-LDA calculations. In comparison to Si, the bond distortions in the vicinity of the dislocation cores in diamond are larger due to their higher stiffness, which introduces less relaxation. For example, in the ⌺ϭ5(130)Z type GB the maximum bond stretching and shortening are about 2 and 1.5 times larger in diamond than in Si, 31 although the maximum covalent angular deviations are about the same.
The energies of the group of atoms with large distortions in both length and angle associated with the dislocation cores are shown in Fig. 3 as a function of the misorientation angle. Results are presented at three different radii within the dislocation core (r c ϭbϭ2.5 Å: the contour of the pentagonaltriangle pattern; r c ϭ1.53 Å: the central atom of the pattern plus four nearest atoms; r c Ͻ1.53 Å: only the central atom taken into account͒. As can be seen from the figure, the energies of the dislocation cores decrease linearly with angle in the range 0°рр28.07°. This is due to the decrease in bond length and angle distortions. Figure 4 illustrates the atomic energy distribution in the vicinity of the interface for different GB's. The excess energy at the interface is associated with the dislocation cores. The latter are separated by zones of perfect matching, which are narrower for short-period GB's and disappear for the GB's with a single-type structural element. The atoms with higher excess energies are located in areas of compression at the dislocation core. Low-angle GB's possess higher excess atomic energies in the dislocation cores and more extended zones of excess energy in the vicinity of the interface in comparison with high-angle GB's.
Atomic level stress fields ͑hydrostatic and average shear͒ for selected GBs are illustrated in Figs. 5-7. The dislocation character of the interface is evident from the hydrostatic stress, which alternates from compression to tension above and below the dislocation slip plane, respectively. For lowangle GB's ͓Figs. 5͑a͒ and 5͑b͔͒ the stress field perpendicular to the GB plane is more extended than that for high-angle GB's, and approximately equals the interdislocation distance consistent with elasticity theory. 50 For the GB's with misorientation angles Ͼ22.6°, the stress field becomes more localized near the interface. The dislocation character of the hydrostatic stress distribution disappears for the ⌺ ϭ5(130)S and Z types GB's ͓Figs. 5͑c͒ and 5͑d͔͒. The stress distribution for the ⌺ϭ149(7 10 0) GB ͓Fig. 5͑b͔͒ has a more complicated character as compared to other GB's, that originates from a nonuniform distribution of structural units within the GB. The maximum atomic hydrostatic stress ͑ϳ120 GPa͒ among all GB's in this misorientation range was found for the ⌺ϭ149(7 10 0)(ϭ20.01°) and the ⌺ ϭ41(450)(ϭ12.68°) GB's. Atomic stresses within these GB's are three times higher than those found in the vicinity of the ⌺ϭ5(130) GB's. The zones of tension and compression in the hydrostatic stress map ͓Fig. 6͑a͔͒ are consistent with zones of positive and negative local volume strains ͓Fig. 6͑b͔͒. From the relations between hydrostatic stress and local volume strain an atomic bulk modulus can be evaluated. 47 A map illustrating an atomic bulk modulus distribution is given in Fig. 6͑c͒ . There are alternating zones of bulk modulus that are higher or lower than the ideal bulk value B ideal . The regions with BϾB ideal and BϽB ideal are connected with zones of compression and tension, respectively. Values of B in the regions of compression near the dislocation cores are much higher than those in the regions of tension. This is due to the anharmonicity of the interatomic interactions. In the region where the local volume strain disappears (␦ i ϳ0.001), atomic bulk moduli are close to the B ideal ϭ2.8 eV/Å 3 . As has been discussed elsewhere, 51 certain atoms near interfaces in metals can have negative values of local elastic modulus, which has been related to the stability of the GB structures. In all GB structures, however, the number of atoms with unusual properties is small relative to the total number of atoms. We found similar behavior of particular atoms in GB's in diamond. In our calculations, two atoms nearest to the central atom in the penta-ring had negative values of bulk modulus for GB's in the misorientation range 12.7°рр22.6°. For GB's within the range 28.07°р р53.13°, two additional atoms with negative B were found in the same atomic arrays. The effective bulk modulus of the ⌺ϭ25(340) GB ͑Fig. 6͒, averaged over all atoms with volume strain more than 0.005, exceeds B ideal by 1.8% if the atoms of the dislocation cores ͑pentagon-triangular patterns͒ are included in the calculations. The effective bulk modulus of the GB is smaller than B ideal by 4%, however, if atoms of the dislocation cores are not counted. Different elastic properties of particular regions near an interface can influence the interaction of the lattice defects with GB's. Fracture mechanisms of GB's are also connected with the different behavior under load of softened and hardened zones at the interface. In particular, it has been found that in a stretched diamond sample with a GB, cracks may originate in the dislocation core areas where local bulk moduli are relatively small. 52 Atomic shear stress distributions for selected GB's are illustrated in Fig. 7 . The average shear stress is far extended in the direction perpendicular to the GB plane for the GB's in the misorientation range 12.7°рр22.6°as well as for the one with ϭ46.4°, and is more localized near the interface for ⌺ϭ5 GB's. The maximum atomic shear stresses were found for those atoms located within the GB plane. Shear stresses for these atoms have only one nonzero component yx , which acts along the axis of rotation. It originates from the tendency of shear strains in the dislocation core to shift one grain along the ͗001͘ axis by approximately 1 4 a 0 ͓001͔. The GB structures, where this translation along the ͗001͘ axis was possible, namely, the ⌺ϭ5(120) and 5(130)Z GB's. ͑Table II͒, were characterized by the lowest atomic shear stress, one-half those found for the ⌺ ϭ149(7 10 0) and ⌺ϭ41(450) GB's.
V. GB PROPERTIES IN THE RANGE 53.13°<р90°F
or this group of GB's the most stable structures have a zigzag arrangement formed by pairs of dissociated edge dislocations ͑Z models͒. The most stable structures among possible Z models are those with no perfect units inserted between A units. Grain boundary energies for all combinations of the structural units in the S and Z models are given in Table II for the ⌺ϭ25(170) GB. The structural models S(a) and Z(a) have no perfect units inserted between two B or two A units. However, S(b) and Z(b) models have one perfect structure unit inserted between pairs of B or A units, and so on. In general, the GB energy rankings in diamond are the same as that in Si. 31 A specific feature of the ⌺ϭ13(150), 25͑170͒, and 41͑190͒ GB's is the multiplicity of structures experimentally observed in Si and Ge. These structures are composed of a complex mixing of A and B units ͑edge and mixed dislocations͒, separated by perfect units. Several structural models for these GB's have been suggested. 6, 8, 15, 25 25 to be more stable in diamond than the Z model. Our calculations with the analytic potential predict that for diamond the more stable structure is the Z model ͑Table II͒, although the energy difference between the two models is small ͑0.08 J/m 2 ͒. Another tetracoordinated structure, the 10 model ͓Fig. 8͑c͔͒, was suggested by Rouviere on the bases of experimental images of silicon. 8 Our calculations suggest that in diamond this model has a modification with two dangling bonds ͓Fig. 8͑d͔͒. This model with radicals has the same energy as the tetra-coordinated 10 model, due to the rehybridization and additional relaxation of the surrounding volume. It is also possible to construct a GB with bonding ͓Fig. 8͑e͔͒, although we found that the energy of such a GB is higher than those for other models.
From an analysis of stress distributions for this group of GB's it can be concluded that the pair of edge dislocations without insertion of perfect units behaves as a single dislocation ͓Figs. 9͑a͒ and 9͑c͔͒. In this case one B ͑or A͒ unit of the pair is completely in the compression stress field ͑for both S and Z models͒. After insertion of one or more FЈ units between B(A) units, the distinctive zones of tension and compression in the hydrostatic stress field disappear for the S model ͓Fig. 9͑b͔͒. In contrast, for the Z model the zones of tension and compression near separated edge dislocations are still distinctive ͓Fig. 9͑d͔͒. Figure 10 illustrates the distribution of the yz shear stress component for a low-angle GB with single dislocations at the interface ͓Fig. 10͑a͔͒, and for unsplit and split pairs of partial edge dislocations for a high-angle GB ͓Fig. 10͑b͒, 10͑c͒, respectively͔. The character of the yz stress distribution is similar for the GB with unsplit pairs of partial dislocations ͓Fig. 10͑b͔͒ and for the GB with single dislocations at the interface ͓Fig. 10͑a͔͒. In general, the maximum values of and are higher for GB's in the misorientation range 53.13°Ͻр90°in comparison with those for GB's with the same ⌺ in the 0°рр53.13°misorientation range.
VI. SUMMARY
In the present work, structures and energies of ͗001͘ symmetrical tilt GB's in diamond were calculated with firstprinciples DFT-LDA, semiempirical tight-binding and analytic bond-order function calculations. Energies of the ⌺ ϭ5(013), ⌺ϭ5(012), and ⌺ϭ17(350) GB's in diamond calculated with the first-principles DFT-LDA and the tightbinding approaches are approximately 75% of the values given by the analytic potential.
Although structures and the rankings of GB energies are similar between Si and diamond, the higher stiffness of diamond restricts relaxation in the vicinity of the dislocation cores at the interface. Thus, diamond has higher GB energies and a greater energy difference between structures in comparison with Si. In general, the energies of the ⌺ϭ5 GB's calculated with the analytic potential are about 4-6 times higher in diamond than in Si, and those calculated from the first-principles and the TB approaches are about 5-8 times higher in diamond than in Si.
Atomic-level energy and stress distributions reveal the relations between the local interface reconstruction associated with certain GB's ͑in particular low-versus high-angle GB's and straight versus zigzag arranged structural units͒ and the extent and values of the stresses. Zones where bulk moduli are higher or lower than that of the ideal crystal are connected with alternation of the compression or tension regions along the GB plane. These distinctive stress fields in the vicinity of the different types of GB's can lead to the different mechanisms of fracture initiation for the different types of GB's in polycrystalline diamond coatings under load. 
